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ABSTRACT: We report on the effect of germanium (Ge) coatings on the
thermal transport properties of silicon (Si) nanowires using nonequilibrium
molecular dynamics simulations. Our results show that a simple deposition
of a Ge shell of only 1 to 2 unit cells in thickness on a single crystalline Si
nanowire can lead to a dramatic 75% decrease in thermal conductivity at
room temperature compared to an uncoated Si nanowire. By analyzing the
vibrational density states of phonons and the participation ratio of each
specific mode, we demonstrate that the reduction in the thermal conductiv-
ity of Si/Ge core-shell nanowire stems from the depression and localization
of long-wavelength phonon modes at the Si/Ge interface and of high
frequency nonpropagating diffusive modes.
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The thermoelectric effect manifests itself as the direct conver-sionof temperaturedifferences to electric voltage inappropriate
materials and vice versa. A thermoelectric device can thus in
principle improve the thermodynamic efficiency of heat engines by
utilizing part of the waste heat to generate electricity. A figure of
merit for the energy conversion performance of a thermoelectric
material is the dimensionless coefficient, ZT= S2σT/κ, where S, σ,
T, κ are the Seebeck coefficient, electrical conductivity, absolute
temperature, and thermal conductivity, respectively. Greater
values of ZT indicate greater efficiency and values in the 3 - 4
range are needed for thermoelectrics to become competitive with
other electricity producingmethods. The potential of suchmaterials
for use is of course higher if the required temperature difference
above environmental temperature is not very high. Research to
date has focused on reducing the thermal conductivity of ther-
moelectric materials relative to the bulk by nanostructuring the
material (nanowires, superlattices, composite matrices). If the
electrical properties are not negatively affected, improved thermo-
electric performance should ensue based on the definition of the
ZT coefficient. Nanoscale structures with at least one dimension of
the order of the phonon mean free path may increase phonon
scattering thereby reducing thermal conductivity.
Recent experiments on Si nanowires (NWs) have shown them
to be promising thermoelectric structures, specifically because of
the reduction in thermal conductivity from increased phonon
scattering at the confining walls.1 Additional methods to reduce
the thermal conductivity have been proposed, supported by
simulations. Donadio et al.2 found that Si NWs with amorphous
surface have thermal conductivity of about 100 times lower than
bulk silicon. They suggested that heating the Si NW up to a
temperature very close to its melting point followed by quenching
at an extremely fast cooling rate may help render the nanowire
surface amorphous. Chen et al.3 proposed recently to increase
phonon scattering by considering a small hole at the center of thin
(cross section of 2.72  2.72 nm) Si NWs to form a nanotube.
Their simulations suggest that a 1% reduction in the NW cross
section can cause a 35% reduction in room-temperature thermal
conductivity. While this result is promising, drilling consistently a
small hole in the center of such a Si NW poses a substantial barrier
to realizing the proposed concept structure. Surface roughness has
been shown in experiments1 to reduce significantly the thermal
conductivity in Si nanowires, but the mechanism of phonon
transport suppression has yet to be elucidated.4
We present herein results from molecular dynamics (MD)
simulations of phonon propagation in Si/Ge core-shell nano-
wires. Our calculations show that a Ge shell of only 1 to 2 unit cell
(uc) thickness can lead to a dramatic 75% decrease in thermal
conductivity at room temperature as compared to an uncoated
single-crystalline Si NW. By analyzing the vibrational density
states of phonons and the participation ratio of each specific
mode, we demonstrate that the reduction in the thermal con-
ductivity of Si/Ge core-shell nanowire stems from the depres-
sion and localization of long-wavelength phonon modes at the
Si/Ge interface and also of high frequency nonpropagating
diffusive modes. The proposed core-shell nanowire may be
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realized experimentally as evidenced by existing nanowire struc-
tures of this kind reported in the literature.5,6
Our model system consists of a single-crystalline Si NW
covered by a Ge layer. The longitudinal direction is set along
the z axis, so that atoms in the same layer have the same z
coordinate. The initial Si nanowire (160 nm long) is constructed
from diamond-structured bulk silicon with n n 302 unit cells
in the x, y, and z directions, where n = 6, 9, 12, and 20,
corresponding to a cross-sectional width of 2.3, 3.5, 4.6, and
7.7 nm, respectively. After constructing the Si NW, the Ge layer
was built on each Si NW surface with the same orientation as the
Si NW. The number of Ge unit cells in x and y directions was
varied from 1 to 4, while the number in the z direction was 290,
taking into consideration the [001] lattice mismatch between Si
and Ge. The Ge atoms were allowed to reach their equilibrium
positions, determined by the model potentials chosen (see
below). Strained epitaxial Ge layers were also considered but
the results did not change substantially. A schematic of the
nanowire structure is shown in the top panel of Figure 1. In all
cases, both the Si NW and the Ge layer axes lie along the [001]
crystal axis of the diamond lattice. The surfaces in transverse
directions (x and y axes) for both Si and Ge are each (110) type.
This particular choice was made because nanowires with (100)-
type surfaces, which are quite high energy when not recon-
structed, were found to become amorphous under MD anneal-
ing. The (110) surface, on the other hand, has 3-fold-coordinated
surface atoms and is lower in energy than the unreconstructed
(100) surface. It is thus more likely to form in experiments.
Nanowires made with this surface termination were found to
be stable with respect to disordering or surface reconstructions
up to MD simulation temperatures of 500 K and perhaps
beyond.7
In all MD simulations performed herein, the Stillinger-Weber
(SW) potential was used to calculate the thermal conductivity of
the Si/Ge NWs with the diamond structure. This potential uses
two-body and three-body terms to stabilize the diamond lattice.
The original parameters were developed to provide an approx-
imate description of condensed phases of Si.8 Parameters for Ge
were determined by fitting to experimental data.9 In the simulation
studies described here, the parameters of refs 8 and 9were adopted
to describe Si-Si and Ge-Ge interactions. Parameters for Si-Ge
interactions were obtained by taking the arithmetic mean of Si and
Ge parameters for σSi-Ge and the geometric mean for λSi-Ge and
εSi-Ge, as suggested in the literature.
10,11 Thismodel has been used
to predict the thermodynamic properties of Si,12,13 Ge,14 and bulk
Si-Ge alloys15 and also the thermal transport properties of Si/Ge
superlattices,16 composites,17 and nanowires.18
All MD calculations were performed using the LAMMPS19
package with a time step of 1 fs throughout. In the first stage of
MD simulations, the system was equilibrated with free boundary
conditions in all directions, corresponding to zero pressure, and a
constant temperature of T = 300 K for 5 ns using Nose-Hoover
temperature thermostat.20 After the constant temperature relaxa-
tion, we continued to relax the system with NVE (constant
volume and no thermostat) ensemble for 1 ns. This was done by
freezing one unit cell of boundary atoms at the two ends of the Si
nanowire. During this stage, the total energy and temperature of
the system were monitored. We found that the total energy was
conserved and the temperature of the entire system remained
constant with fluctuations around 300 K, which meant that the
system had reached the equilibrium state.
Following equilibration, we computed the thermal conductiv-
ity of the system with nonequilibrium MD. To establish a
temperature gradient along the longitudinal direction, the atoms
Figure 1. (Top) Side and cross-sectional view of the Si/Ge core-shell nanowire with 9 9 302 unit cells of Si core covered by 1 unit cell of Ge. Color
coding: yellow, Si; blue, Ge. (Bottom) The corresponding temperature profiles for the Si core and Ge shell. The solid line is a linear fit to the average of
the two temperature profiles.
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close to the two ends of the NW (about 8 unit cells long) were
placed into hot and cold baths with temperatures TL and TR for
the left and right end, respectively, as shown in the top panel of
Figure 1. Nose-Hoover heat baths were applied. It has been previ-
ously shown that the thermal conductivity results are indepen-
dent of the heat bath used (Nose-Hoover or Langevin).18 The
total heat flux in the longitudinal direction is defined as21
JLðtÞ ¼ 1V
X
i
vi, Lεi þ 12
X
i, j, i 6¼j
rij, Lð fFij 3 vFj Þþ
X
i, j, k
rij, Lð fFj ðijkÞ 3 vFj Þ
2
4
3
5
ð1Þ
where the subscript “L” denotes a quantity in the longitudinal
direction, vi is the velocity of atom i, εi is local site energy, rij is the
relative distance between atom i and j, f
F
ij is the two-body force
between atom i and j, f
F
j (ijk) is the three-body interactions
between atoms i, j, and k, and V is the volume of the region
selected to calculate the heat flux. Note that we exclude the regions
(∼ 10 unit cells long) close to both ends and compute the heat
current only for the rest of the NW to avoid the nonlinear effect of
the heat source and heat sink at the ends. Simulations were carried
out long enough (about 15 ns) for the system to reach steady state
conditions, where a constant local heat flux is established in the
longitudinal direction. After that, a time averaging of temperature
and heat flux was performed for an additional 15 ns. Figure 1
illustrates a typical time-averaged temperature profile used to
compute the thermal conductivity. Thermal boundary resistance
effects are avoided by fitting the middle region of the temperature
profile with a linear function. The resulting temperature gradient is
used to calculate the thermal conductivity as
k ¼- J
_
L
DT=Dz
ð2Þ
where J
_
L is the averaged heat flux in the longitudinal direction and
∂T/∂z is the temperature gradient determined from the linear fitting.
Our simulation result of 9.1( 0.84 W/mK for 6 6 unit cell cross
section and 160 nm long Si NW is consistent with Yang’s MD
result,22 who reported a thermal conductivity of∼6( 1 W/mK for
the same cross section and 150 nm long Si NW.Considering that the
[110] surface we used results in less scattering than the [100] surface
they used, it is reasonable to expect a slightly higher thermal con-
ductivity. In addition, our simulation result of 20.2 ( 0.78 W/mK
for 4.6 nm thick 160 nm long Si NW is in good agreement with
Ponomareva’s work23 where 20 W/mK was predicted by MD
simulation for 4.2 nm thick 125 nm long Si NW. The theoretical
calculations in ref 24, as clearly stated by the authors of this
reference, are expected to be valid for considerably wider nanowires
(above 35 nm, for which confinement effects are unimportant)
than those studied in ourwork. It is worth noting in this respect that
the values of the boundary scattering parameter in the model of ref
24 were assigned so as to represent the very diffusive nature of the
rough and likely oxidized boundary in the experiments of ref 25. In
ourMD study as well as in the otherMD studiesmentioned above,
which are in agreement with ours, this is not the case as we
necessarily simulate a perfect Si atomic structure with atomically
smooth surface. We also noticed that our MD results are higher
than experimental values for individual Si NWs.25 The discre-
pancy can be attributed to defects, impurities, surface roughness,
and oxidation present in the experimental samples, which may
impact adversely the nanowire’s thermal conductivity. In con-
trast, theoretical calculations assume that the Si NWs are perfect
crystals with atomically smooth surfaces, which facilitate heat
conduction.
The dependence of the thermal conductivity on the number of Ge
shell layers is shown in Figure 2. Remarkably, the addition of the Ge
shells lowers substantially the thermal conductivity of the core-shell
structure thus formed, as compared to that of the pure crystalline Si
nanowire. Even calculating the thermal conductivity of only the Si
core, the drop is significant for all cross sections studied. The largest
drop in the thermal conductivity of 75%occurs for the Si corewith the
9  9 cross-section, when covered by only two atomic layers of Ge.
For the Si nanowireswith 6 6 and1212 cross-section, the thermal
conductivity is reduced by about 70%. These values are a factor of 2
lower than the thermal conductivities achieved by assuming the
existence of a longitudinal hole at the nanowire center,3 a structure
believed to be markedly more difficult to fabricate than the Si/Ge
core-shell nanowire5,6 investigated herein. Growing a Ge layer onto
the Si NW surface does not change the Si core much and it will not
have a negative impact on its electrical conductivity.
We note that the overall thermal conductivity of the entire
core-shell NW increases slightly as more Ge layers are added. This
effect originates in the progressively larger contribution of thicker
Ge layers to the overall heat transfer. The minimum of the overall
thermal conductivity occurs at a Ge thickness of one unit cell for the
6  6 and 9  9 Si NWs, and at two unit cells for the 12  12 Si
NW. Moreover, the overall thermal conductivity curves for all
Figure 2. (a) Overall thermal conductivity of the Si/Ge core-shell
nanowire as a function of the number of layers in the Ge shell for
different cross-sectional areas of the Si core. (b) Thermal conductivity of
only the Si core in the Si/Ge core-shell structure, plotted as in (a).
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core-shell cases are close inmagnitude and vary similarly with shell
thickness, possibly because the presence of the Ge shell interferes
with heat transfer in both the Si core and the Ge shell. In contrast,
the thermal conductivity of the Si core taken alone (see Figure 2b)
exhibits aweaker dependence on shell thickness, while itsmagnitude
is more spread out for the different cross sections. Since thicker Ge
shells do not reduce further the SiNWconductivity, theremust exist
a maximum interference depth for each Si core. From theminimum
thermal conductivity of the Si core in Figure 2b, we estimate the
maximum depth to be about 2-4 unit cells of Si for the three
different Si NW sizes considered. For example, a Ge shell of two
unit-cell thickness can reduce the thermal conductivity of a 9  9
and 12 12 SiNWto that of a 2 2 and 4 4 SiNW, respectively.
Previous studies22,26 have shown that the thermal conductivity of Si
NWs depends not only on the NW length, but also on the cross-
sectional area (approximately proportional). Thus, the thermal
conductivity of a 2  2 Si NW should be 22% of that for 9  9,
which again is consistent with the MD results. This behavior may
appear counterintuitive: two noninterfering parallel NWs should
always yield an increase in the overall thermal conductivity, as is
observed for the electrical conductivity. Assuming no interference,
the overall thermal conductivity of a 9 9 SiNWcovered by 2-unit-
cellsGe27 should be aboutκoverall = 0.48κSiþ 0.52κGe=13.9W/mK.
This value should be contrasted with the MD calculated thermal
conductivity of 3.7 W/mK when interference at the interface is
taken into consideration. We also calculated the overall thermal
conductivity using the generic phonon transport model pro-
posed in ref 28 and obtained a value of 14.0 W/mK, which is still
quite different from our MD simulation result.
The effect of the cross-sectional area and length has also been
considered. The results are compared in Table 1. The reduction
in thermal conductivity of both the Si/Ge core-shell NW and
the Si core alone is less for larger cross sections and longer
lengths, but the effect remains significant. This can be explained
by considering that the surface-to-volume ratio decreases with
wire thickness, thus, the interfacial area affected by theGe coating
is relatively smaller in thicker wires, leading to higher thermal
conductivity for the Si core.We note, however, that for the largest
cross section case (possible for our computational resources)
corresponding to a thickness of 7.7 nm, the thermal conductivity
of the Si core can still be reduced by about 60%. By extrapolating
the calculated data points, we speculate that the thickness where
the reduction percentage becomes insignificant should be around
24 nm. The length dependence of the thermal conductivity has
been reported in the literature.29 The slope of the thermal
conductivity with respect to length starts to diverge in the range
of 217 to 272 nm for the 9 9 cross section, which is consistent
with a previous study.22
To reveal how the Ge shell affects heat transfer in the Si NW, we
define the “local” heat flux on a single atom by determining the
contribution of every atom to each term in eq 1.21 Taking the case of
the 9 9 Si NWwith a layer of 2-unit-cells of Ge, we calculated the
average local heat flux in the longitudinal (z) direction for a selected
segment, ranging from-50 toþ50 Å. The volume of the selected
segment is used to calculate the local heat flux. We then projected
the local heat fluxmagnitude of the selected atoms to theXYplane at
z = 0 to generate an intensity contour as shown in Figure 3. In the
uncoated Si NW, regions of high and low heat flux are distributed
uniformly over the entire cross-sectional area, with the exception of
surface regions where the vibrational modes of atoms are more
Table 1. Reduction in Overall Thermal Conductivity for
the Si/Ge Core-Shell Composite versus That Only for the
Si Core, As Compared to the Thermal Conductivity for an
Uncoated Si Core for Nanowires of Various Thickness
and Lengtha
size of Si core
reduction percentage
in overall thermal conductivity
of the Si/Ge composite
reduction percentage
in thermal conductivity
of the Si core
9  9  302 uc 76.5% 75.0%
16  16  302 uc 73.9% 64.5%
20  20  302 uc 70.1% 59.3%
9  9  402 uc 73.7% 71.0%
9  9  502 uc 71.4% 69.3%
9  9  602 uc 71.1% 69.1%
a For all cases, a Ge shell of 2 unit-cells (uc) thickness was used. For
the Si core, 20 uc corresponds to a thickness of 7.7 nm and 602 uc
corresponds to a length of 327 nm.
Figure 3. Contour of local heat flux across a plane at z = 0 for (a) the
pure Si nanowire, and (b) the composite Si/Ge nanowire covered by two
layers of Ge. The core Si is a matrix of 9  9  302 Si unit cells. The
dashed line represents the Si/Ge interface to guide the eye. The high
positive value defines the high heat flux in the longitudinal (z) direction.
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localized. In contrast, the heat flux profile in the Si/Ge core-shell
NW shows a different feature: heat transfer appears to occur over
most of the cross-sectional area at low flux, while only the central
region is capable of dissipating heat at high flux. A comparison of
Figure 3, panels a and b, clearly shows that the presence of the Ge
shell influences adversely the thermal transport properties of the
Si core.
The reduction in thermal conductivity of the Si NW can be
correlated with the depression in the vibrational density of states
(VDOS) of Si atoms on the nanowire surface upon addition of
the Ge shell. The VDOS is calculated by a Fourier transform of
the atomic velocity autocorrelation function and the results for
selected Ge shells are shown in Figure 4. For Si atoms in the
center of the Si core (Figure 4a), the VDOS does not change
much with added Ge layers, as expected from bulklike behavior
away from the surface. In contrast, the VDOS for Si atoms
proximal to the Si/Ge interface exhibits a significant depression
of the low frequency part, especially below 6 THz, originating in
the lattice mismatch and different atommass between the Si core
and the Ge shell. Given that these low frequency modes are more
delocalized, the large extent to the depression of long-wavelength
phonon modes must impact adversely the thermal conductivity.
Interestingly, the high frequency part of the VDOS in Figure 4b is
also reduced, especially between 16-17 THz, even for very thin
Ge shells. The depression of the high frequency phonons also
contributes to the reduction in thermal conductivity, since these
nonpropagating, diffusive modes can also carry heat in the
core-shell NW, as it has been shown earlier.2
The VDOS and the local VDOS provide information averaged
over all vibrational modes present in the structure. In contrast,
the participation ratio pλ, characterizes each mode individually
and serves as a useful discriminant of spatial localization. pλ is
defined for each eigen-mode λ as30
p-1λ ¼N
X
i
ð
X
R
ε

iR, λεiR, λÞ2 ð3Þ
where i sums over all the atoms studied, R is Cartesian direction
and sums over x, y, z, εiR,λ is the vibrational eigenvector
component corresponding to the λth normal mode, and N is
the total number of atoms. The participation ratio describes the
fraction of atoms participating in a particular mode and, hence, it
varies between O(1) for delocalized states to O(1/N) for
localized states.30 We selected a segment of 9  9  6 Si NW
covered by 2 unit cells of Ge, which mimics the long core-shell
NW by using periodic boundary conditions in the longitudinal
direction, and carried out a vibrational eigen-mode analysis for
both the pure Si and the composite Si/Ge. Such eigen-mode
analysis involves diagonalizing very large matrices and could be
done only for systems of limited size. The largest system analyzed
contained a total of N = 4056 atoms of Si and Ge.
In Figure 5, we compare the participation ratio of each vibrational
eigen-mode for the pure Si vs the composite Si/Ge nanowire. For
reference, we also present results for a 9  9  6 bulk Si. The
participation ratio of bulk Si falls in the range of 0.5-0.6, which is
consistent with the literature.30 Comparing the pure Si nanowire to
bulk Si, the participation ratio of vibrational eigen-modes for the
former splits into two parts for both low and high frequency
phonons: one part resides in the same range as bulk Si, which
corresponds to the modes of participating internal atoms; the other
part is in the range of 0.3-0.4, corresponding to vibrations of
participating surface atoms. The latter surface modes are more
localized, causing a reduction in the thermal conductivity of the
nanowire. For composite Si/Ge nanowires, Figure 5 makes it
clear that almost all the participation ratios are significantly
Figure 4. Comparison of vibrational density of states in Si nanowires in
the absence and presence of a Ge shell of 2 and 4 unit cell thickness. (a)
VDOS of Si atoms located in the center of the Si core; (b) VDOS of
Si atoms located at the Si/Ge interface.
Figure 5. Participation ratio of each vibrational eigen-mode for bulk Si,
a pure Si nanowire, and a Si/Ge core-shell composite.
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reduced in comparison to the pure Si NW and bulk Si. This
behavior indicates that the majority of the eigen-modes in the
core-shell NW are more localized. Since localized modes are
less effective than delocalized modes in facilitating heat
transport,3 it follows that a reduction in thermal conductivity
must be expected relative to pure Si NW.
In summary, nonequilibrium molecular dynamics simulations
suggest that Ge-coated Si nanowires should exhibit a significant
reduction in thermal conductivity relative to uncoated ones. Only a
couple of Ge layers can lower the thermal conductivity of Si
nanowires by up to 75%, while thicker layers do not actually extend
this effect. By analyzing the cross-sectional local heat flux distribu-
tion, the phonon vibrational density of states, and the participation
ratio of each specific mode, we concluded that the mechanism
behind the dramatic reduction in thermal conductivity of the core-
shell nanowire is the significant depression and localization of long-
wavelength phonon modes in the Si/Ge interface, combined with
the depression of high frequency nonpropagating diffusive modes.
Thus, simple, realizable coatings on Si and other nanowires are
predicted to improve markedly the energy conversion efficiency of
nanostructured thermoelectrics.
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